The ability to probe the electronic structure of individual nano-objects at high energy resolution using momentum-and space-resolved electron energy loss spectroscopy in the scanning transmission electron microscope is demonstrated through the observation of confinement of the π plasmon in individual single-wall carbon nanotubes. While confinement perpendicular to the tube axis was identified for all investigated tubes, a variable degree of confinement parallel to the tube axis was attributed to the concentration of topological defects. Spatially resolved valence loss spectra allowed for the identification of a loss peak attributed to a chirality-dependent radial interband transition. Furthermore, the importance of a careful consideration of loss peak momentum dispersions for the interpretation of spatially resolved valence loss spectra is discussed.
I. INTRODUCTION
Since 1991, the interest in carbon nanotubes (CNTs) [1] has remained high in the scientific community. This is in part due to the wide range of electronic properties (from semiconducting to metallic) that single-wall (SW) CNTs can exhibit [2] . The electronic properties of a SWCNT are to a large degree determined by its chirality, which is commonly described by a set of chiral indices (n,m) [3] . A SWCNT of a given (n,m) set of indices will exhibit sharp nonsmooth peaks in the quasi-1D valence and conduction band density of states (DOS), referred to as Van Hove singularities (VHSs). Scanning tunneling spectroscopy (STS) allows for direct probing of the DOS of individual SWCNTs suspended in vacuum; however, STS measurements are reportedly afflicted by substrate effects [4] . Transitions between the sharp VHS peaks in the valence and conduction band have been observed using a range of techniques including electron energy loss spectroscopy (EELS) using a purpose-built stand-alone spectrometer apparatus [5] [6] [7] [8] , Rayleigh scattering spectroscopy (RSS) [9, 10] , fluorescence excitation spectroscopy [11] , optical absorption spectroscopy [12] , and spatial modulation (optical) spectroscopy (SMS) [13, 14] . While most of these methods lack the spatial resolution to investigate individual CNTs, measurements have been reported for individual suspended SWCNTs using STS [4] , RSS [10] , and SMS [13] .
Due to recent advancements in transmission electron microscope (TEM) electron source monochromation [15] [16] [17] , an EEL spectrometer coupled to a TEM column now allows for detailed investigations of π → π * transitions between the SWCNT conduction and valence VHSs [18, 19] . Moreover, TEM and scanning (S) TEM allow for the determination of the chiral indices of each investigated tube using either a Fourier transform (FFT) of a high-resolution image [19, 20] or an electron diffraction pattern [18, 21, 22] . Note that the CNT valence loss spectrum (EEL < 50 eV) does not only contain peaks corresponding to chirality-dependent π → π transitions but also provides information about higher energy interband transitions involving σ states, as well as two collective modes of the system: the π and π + σ plasmons. The dispersion of both interband transitions and collective modes across the Brillouin zone can be investigated by resolving valence loss spectra in momentum space. Indeed, SWCNT "bulk" or ensemble measurements (i.e., averaged over samples containing a large number of SWCNTs to measure) using a purpose-built stand-alone spectrometer apparatus have shown that the collective π valence electron response comprises a nondispersive (π 1 ) and dispersive (π 2 ) mode [6] [7] [8] . The π 1 plasmon exhibits a vanishing dispersion which has been attributed to plasmon confinement perpendicular to the CNT axis [5] [6] [7] [8] , while the distinct dispersion of the π 2 plasmon has been interpreted in terms of a plasmon propagating along the CNT axis [6] [7] [8] . This can be understood from the freedom to vary the wave vectors continuously along the unconfined length of the tube which allows for modes of varying momentum, with no such freedom appearing for modes perpendicular to the CNT axis, where allowed wave vectors are restricted to a limited number of chirality-dependent values within a discrete set (see, e.g., [23] ). Momentum-resolved EELS of related carbon materials has been reported using TEM (graphene) [24] [25] [26] and STEM (individual multilayer graphene nanocones) [27] .
The present work is focused on taking advantage of the combined spatial and energy resolution of a state-of-theart monochromated STEM-EELS system to investigate the valence loss response of individual SWCNTs in real and momentum space. While momentum-resolved STEM-EELS of the carbon K ionization edge has been used to map defects in individual multiwalled CNTs [28] , this work is a report on plasmon dispersions acquired from individual SWCNTs using EELS. In contrast to methods where the spectroscopic signal is acquired from SWCNT "bulk samples" [5] [6] [7] [8] , STEM-EELS allows uniquely for the characterization of the electronic structure and plasmon dispersions as a function of both the chirality of individual SWCNTs and the possible presence of (atomic-sized) defects in the tubes. The present results confirm that π plasmon confinement perpendicular to the CNT axis occurs for individual tubes. Moreover, an observed variable π plasmon confinement parallel to the tube axis is attributed to the concentration of topological defects present in the individual SWCNTs probed here. Specifically, these topological defects are nonhexagonal rings incorporated in the SWCNT walls. Intriguingly, the topological-defect-induced collective mode confinement appeared to predominantly affect the π valence electrons. This can be rationalized in terms of nonhexagonal ring defects disrupting the delocalized π states along the tube axis, which in turn affects the collective response of the π valence electrons. As σ states are significantly more localized than π states, the lack of an observed confinement of the collective response of the σ valence electrons may be explained by σ states being much less susceptible to isolated atomic scale defects than π states. While the exact mechanism through which topologically induced π plasmon confinement occurs has yet to be determined, it is suggested that the role of topological defects in CNTs, and by extension graphene, should be taken into consideration in the development of any novel CNT-or graphene-based plasmonic and optoelectronic devices. Moreover, it is proposed that topological defect engineering could be used to form plasmonic conduits and possibly more complex functional geometries in graphene. The present results highlight the advantage of combining space-and momentum-resolved valence EELS measurements. Recorded loss peak dispersions across the Brillouin zone were in particular crucial in developing a coherent interpretation of π + σ plasmon peak fine structure as a function of distance to the nanotube axis, as well as for the assignment of a loss peak for a (13,7) metallic SWCNT as a radial chirality-dependent interband transition.
II. EXPERIMENTAL DETAILS
STEM-EELS experiments were carried out using a Nion UltraSTEM100MC monochromated dedicated STEM, equipped with a Gatan Enfinium ERS spectrometer optimized for high stability. The microscope was operated at an acceleration voltage of 60 kV. The spatially resolved valence loss spectra in Figs. 2, 3, and 8 were acquired with a convergence semiangle (α) of 31 mrad (1.0Å probe size) and a spectrometer collection semiangle (β) of 44 mrad. C-K core loss spectra in Fig. 2 were acquired with α = 31 mrad, β = 60 mrad. Momentum-resolved spectra shown in Figs. 5 and 6 were acquired using a "nanodiffraction" mode, i.e., a small, mostly parallel probe with residual convergence of α = 0.9 mrad, yielding an estimated diffraction-limited probe size of ∼3 nm. In Fig. 1 , the medium-angle annular dark field (MAADF) images were acquired with α = 31 mrad, while the diffraction patterns were acquired using the "nanodiffraction" mode (α = 0.9 mrad).
The momentum selectivity of the valence loss spectra was achieved by modifying the postspecimen lens excitations as well as limiting the spectrometer acceptance angle with a rectangular spectrometer entrance slit (see, e.g., Refs. [24, 25] ). The slit was oriented in such a way that the narrow part of the slit was parallel to the energy-dispersive direction of the spectrometer. This results in a two-dimensional spectrum forming on the spectrometer camera, where the wave vector and EEL axes are perpendicular. This means all momentum-resolved spectra were acquired in parallel, instead of serially (see, e.g., Refs. [27, 29] ). Individual spectra were extracted from the full The energy resolution, measured as the full width at half maximum of the quasielastic zero loss peak (ZLP), was 60 meV for the spatially resolved measurements and 80-120 meV for the momentum-resolved measurements, at a dispersion on the spectrometer camera of 20 meV per channel where α = 31 mrad and α = 0.9 mrad, respectively. This difference in energy resolution is attributed mostly to an increase in uncorrected chromatic spectrometer aberrations accompanying the change in postspecimen lens setup going from the "spatially resolved" to the "momentum-resolved" beam geometry. C-K ionization edges in Fig. 2 were averaged across the tube diameters and acquired with an effective energy resolution of 150 meV, at a dispersion of 50 meV per channel. The C-K edges were calibrated to a nominal onset of the π * peak at 284 eV. Peak values in Tables II and III and in the plots in Fig. 7 were determined by Gaussian fitting of background-subtracted spectra. The uncertainties of the measured energy loss values in Fig. 7 are primarily attributed to choice of fitting function and fitting parameters, the magnitude of which is expected to increase with the degree of peak overlap and increasing spectral noise (in practice with increasing q). Precisely determining these errors is problematic in the present case; however an estimate was achieved by measuring peak values from the extremes of acceptable fits for a select number of representative spectra over the entire measured momentum range, for all three tubes. The resulting nonstandard errors range from <±0.02 eV at low q to a maximum of ∼±0.2 eV for the highest q measurements.
In Figs. 2-6 and 8, the spectral background was subtracted using a power law, except for the (13,7) tube in Figs. 5 and 6 where a first-order polynomial model was used. The first-order polynomial model was likely required for adequate background subtraction in order to compensate for unresolved π → π * contributions to the ZLP tail of the metallic tube spectra. Commercially available powders of SWCNTs (produced through laser ablation) were dispersed onto standard lacy carbon TEM support films after sonication in ethanol. The grid was heated to 130°C in vacuum (pressure below 5 × 10 −5 Torr) prior to insertion into the microscope vacuum in order to prevent contamination buildup (extraneous hydrocarbons) which would otherwise risk covering the CNTs.
III. RESULTS AND DISCUSSION
A. SWCNT chirality and defects be (15, 10) , (15, 1) , and (13,7), as discussed below. Note that the orientation of the tubes in the MAADF images is not directly related to the orientations of the diffraction patterns. A SWCNT can be classified as either semiconducting or metallic based on its chiral index (n,m): a tube is metallic if 2n + m = 3N (where N is an integer); otherwise the tube is semiconducting [30] . Thus the (15,10) and (15,1) tubes are semiconducting while the (13,7) tube is metallic. MAADF images in Fig. 1 clearly show that the tubes are single-walled and, in the case of the (15,1) tube, clean and defect free. The (15,10) and (13,7) tubes are both sparsely covered by or containing thin layers of disordered carbonaceous material, appearing as brighter contrast regions in the MAADF images ( Fig. 1) . While likely primarily carbon-based, this disordered material could possibly also contain smaller amounts of other elements originating from the CNT production process. A detailed study of the carbonaceous material elemental composition was however beyond the scope of the present work. Moreover, the white arrows in the images in Fig. 1 indicate the presence of topological defects in both the (15, 10) and (13,7) tubes. Specifically, Fig. 1 indicates that the topological defects are primarily nonhexagonal rings (see white arrows, Fig. 1 ) incorporated in the graphene sheets making up the walls of the CNTs. Contributions of tube imperfections to the recorded loss spectra will be discussed below. Table I shows the chiral angles, ratio of chiral indices (m/n), and individual chiral indices determined from the SWCNT diffraction patterns in Fig. 1 , following Refs. [21, 22] . Ratios between the position of the first and second diffraction peak of the so-called principal layer lines in a SWCNT diffraction pattern, denoted X 2 /X 1 , can be used to assign chiral indices directly [22] . The precision of all values extracted from the diffraction patterns was however limited by a combination of a finite electron beam convergence and camera dynamic range. Due to these uncertainties and sources of noise, additional information was therefore used to confirm the chiral assignment.
The carbon K edge π * peak fine structure is dominated by transitions from the 1s ground state to VHSs in the unoccupied DOS above the Fermi level, and thus is highly sensitive to tube chirality [19, 31] . This has been demonstrated experimentally for individual SWCNTs using (S)TEM-EELS by Rossouw et al. [31] and Senga et al. [19] . Rossouw et al. [31] showed that the π * peak exhibits significantly different line shapes depending on whether an individual tube is metallic and semiconducting. Senga et al. [19] investigated several individual metallic and semiconducting tubes, demonstrating that the π * peak fine structure is significantly affected by tube chirality. Upon detailed analysis, they found excellent agreement between experimental π * peak fine structure and tight-binding calculations [19] . Thus, it is clear that the C-K * peak fine structure can allow for detailed analysis of the chirality-dependent unoccupied DOS of individual SWCNTs. In the present case, Fig. 2 shows core loss spectra from the (15,10), (15, 1) , and (13,7) tubes. The π * fine structure in Fig. 2 clearly varies significantly with tube chirality. Upon comparison to the literature, the (13,7) tube π * fine structure appears similar to that observed for metallic tubes in Refs. [19, 31] , while the (15,1) and (15, 10) tube π * fine structures show similarities to semiconducting tubes in Ref. [19] and Refs. [19, 31] , respectively. A more detailed analysis of the spectra in Fig. 2 was beyond the scope of the present work but in a more general perspective, SWCNT C-K π * peak fine structure analysis with a view to determine chirality directly could in some cases be complicated by factors such as limited experimental spectral resolution, lifetime broadening [19, 32] , and relatively small energy separations between conduction band VHSs for some tubes. Nevertheless, in comparison to valence loss spectra (discussed below), the recorded C-K edge signal is highly localized [19, 32, 33] , so that no effect from topological defects or superimposed disordered material 1 nm away is expected to influence the EEL spectrum, which presents an advantage over valence loss based assignment techniques for the analysis of local SWCNT electronic structure. Figure 3 shows valence loss spectra acquired from each tube with the electron beam incident on the center of the tube, indicated by the white disks in Fig. 1 . Tables II and III compare π → π * VHS peak positions for the spectra in Fig. 3 to literature values obtained from Rayleigh scattering spectroscopy [9, 10] , fluorescence excitation spectroscopy [11] , interpolation from experimental data [9] , optical absorption spectroscopy [12] , and a prediction based on fluorescence data [34] . In agreement with Sato and Terauchi [18] the π → π * VHS EELS peaks appear at up to ≈0.2 eV higher energy than those measured by optical techniques. While the EEL spectrum is proportional to the loss function, the optical absorption spectrum is given by the imaginary part of the dielectric function (see, e.g., Ref. [35] ). Thus the observed VHS EELS peak values can be rationalized by the contribution of the real part of the dielectric function to the loss function [32, 36] , effectively shifting VHS EELS peaks away from the corresponding optical values (given by maxima in the imaginary part of the dielectric function).
The nomenclature for assigning π → π * transitions between VHSs in the valence loss spectrum follows that of Refs. [18, 19, 37] . While, to the knowledge of the authors, experimental literature values confirming the energies of the (15,10) E 55 − E 77 and (15,1) E 33 − E 66 peaks are lacking, these peaks were tentatively assigned to transitions between higher energy VHSs, as this is their most likely origin. Alternatively, assignment as "VHS peaks" might be done on the basis of theoretical modeling [18] ; however this was beyond the scope of the present study.
Due to the so-called trigonal warping effect [23] there is a splitting of the equivalent M 11 correspond to the lower (−) and higher energy (+) VHSs EEL peaks. The magnitude of VHS peak splitting is chirality dependent [23] . Here, a clear splitting of the M 22 peak can be observed, whereas the splitting is not as pronounced for the M 11 peak, even though for (13,7) SWCNTs, a 0.13-0.15 eV splitting of the M 11 peak has been reported by optical measurements [9, 12] . The lack of an obvious splitting of the M 11 peak in the (13,7) tube EEL spectrum in Fig. 3(a) is attributed to experimental factors: predominantly spectral noise and obfuscation by the intense tail of the ZLP. Overall, by comparing experimentally measured structural parameters and valence VHS peak energies to reported values [9] [10] [11] [12] 22, 34] as summarized in Tables I-III , as well as comparison of the C-K core-loss fine structures to the literature [19, 31] , it was possible to unambiguously confirm the chirality assignment of the three SWCNTs in Fig. 1 .
B. Valence loss EELS features in SWCNTs
In addition to "VHS" π → π * peaks, the loss spectra in Fig. 3 exhibit further features at ≈4.9-5.0 eV, ≈13.7-9 eV, and ≈15.6-15.8 eV, which are attributed to the π plasmon [5] [6] [7] 38] , a sum over interband transitions (IBs) [6, 7] and the π + σ plasmon, respectively [5] [6] [7] 38] . Plasmon peaks can be understood as arising from the incident electron beam setting up a collective oscillation including only the π or all (π + σ ) valence electrons [39] . In a first approximation the "IB peak" might be attributed to a sum over σ → σ * transitions [35, 40, 41] . This assignment assumes that the recorded spectrum is dominated by the q → 0 tangential response. However, due to tube wall curvature and the use of a finite spectrometer collection aperture, additional contributions to the IB loss peak from σ → π * and π → σ * transitions are expected. While diameter-dependent [40] and possibly other chirality-induced effects might be expected for EEL > 10 eV, qualitatively the IB peaks appear highly similar in all three spectra in Fig. 3 . This might in part be due to the more intense π + σ peak obscuring any IB peak fine structure.
Due to so-called inelastic delocalization [32] , valence loss spectra record information from inelastic energy losses occurring up to several nm away from the position of the electron probe. A varying proximity of the electron beam (whose placement is indicated by the white disks in Fig. 1 ) to tube imperfections, such as topological defects and covering disordered carbonaceous material, allows for a comparison of the contribution of these imperfections to the spectra in Fig. 3 . Any such effect will take the form of contributing spectral features characteristic of disordered carbon [42] and topological defects [43] [44] [45] , that increases in relative intensity with increasing proximity to the electron beam position [32] , which if present, must be taken into account in any detailed analysis. However, when comparing the spectra of the TABLE II. Measured π → π * "VHS peak" values for the (15, 10) and (15, 1) tubes, compared to reported values from Rayleigh scattering spectroscopy [9, 10] , fluorescence excitation spectroscopy [11] , optical absorption spectroscopy [12] , and empirical prediction based on florescence data [34] . three tubes there are no apparent <5 eV interband transition peaks in the (15,10) and (13,7) spectra that unambiguously could be assigned to topologically induced electron structure modification [43] [44] [45] . Such peaks are likely to arise due to excitations between defect states close to the Fermi level [43] , the intensity of which should increase with increasing proximity of the electron beam to the defects in question. The present results are in agreement with the results of Senga et al. [19] who did not observe any additional contribution due to tube defects in this energy range. In terms of disordered carbonaceous material contribution, Fig. 4 shows there is a small increase in the shoulder of the π + σ peak of the (13,7) tube spectrum at ∼20 eV as compared to the (15,1) and (15,10) tube spectra. This can be attributed to a minor contribution of the 22-23 eV π + σ plasmon of disordered carbon [42] , rather than to any dependence on chirality or on the presence of topological defects. Overall, the spectra in Fig. 3 therefore show no distinct features characteristic of tube modification in proximity to the electron probe for energy losses <∼20 ev.
In the recent work of Senga et al. [19] , spectra acquired from metallic tubes exhibited a peak at ∼1 eV that the authors attributed to the SWCNT free charge carrier plasmon, the origin of which is the collective excitation of free charge carriers in metallic or doped semiconducting SWCNTs, that propagate along the nanotube axis. The charge carrier plasmon energy is affected by finite CNT diameter [46] , length, and charge carrier density [47, 48] ; however, the exact origin of the CNT (and graphene) charge carrier plasmon is reportedly a subject of some debate in the scientific community [48] . The charge carrier plasmon, attributed to collective excitation of the free charge carriers near the Fermi level, is thus distinctly different from the π and π + σ plasmons, which are attributed to the collective excitation of the π and a combination of π and σ valence electrons, respectively. Intriguingly, no charge carrier plasmon peak was observed for the (13,7) tube either in the present work or for the metallic tubes investigated by Sato and Terauchi [18] . In the present work, distinct spectral features are clearly resolved down to 0.97 and 0.79 eV for the (15,1) and (15,10) tubes in Fig. 3 , respectively, indicating that the experimental conditions would have allowed for the detection of such a feature at ∼1 eV, if present. Moreover, the absence of the charge carrier plasmon peak in the present case cannot be explained solely by differences in momentum resolution, which would have a determining effect on its visibility, as the spectra in Fig. 3 were acquired at a momentum resolution that is comparable to that used by Senga et al. [19] . The absence of an observable charge carrier plasmon peak for the (13,7) tube might thus be explained either by FIG. 7 . SWCNT valence loss peak dispersions. Errors in energy loss peak positions are estimated to range from <±0.02 eV at low q to a maximum of ∼±0.2 eV for the highest q measurements. The momentum resolution is estimated to q ≈ ±0.25Å −1 . The direction of q with respect to the CNT axial direction for each tube is indicated in the diffraction patterns in Fig. 1 .
the (13,7) charge carrier plasmon peak having a much lower relative intensity than the peaks identified by Senga et al. [19] (due to an undetermined dampening mechanism specific to the specific tube observed here) or by the energy of the peak appearing at an energy loss below the resolution of the experiment for the (13,7) tube. The latter seems the most likely explanation: the charge carrier plasmon was reported in the literature to shift from 0.9 eV to 0.6 eV in a single defective (12,3) SWCNT, when the electron beam is moved ≈4 nm from a defect-free region to a region where topological defects are present [19] . In the present case the electron beam is in relatively close proximity to a section with a higher concentration of topological defects (minimum distance of 3.2 nm; see Fig. 1 ), which might explain a possible peak value of <0.79 eV. Moreover, Senga et al. [19] suggested that unintentional doping by the TEM support grid might explain the relatively high charge carrier plasmon peaks peak observed for the metallic tubes they investigated. If in the present case the degree of a possible "unintentional doping" is significantly smaller, this could also explain why the (13,7) tube charge carrier plasmon could appear at an EEL <0.79 eV. Clearly detailed studies using monochromated STEM-EELS might significantly improve the understanding of how the charge carrier plasmon of individual SWCNTs might be affected by tube defects and doping, as well as nanotube length [47, 48] and diameter [46] . While a detailed study of charge carrier plasmons in individual carbon nanotubes would likely be of significant interest to the scientific community, this is beyond the scope of the present work.
C. Momentum-resolved valence loss spectra
The momentum dependence of the observed SWCNT loss modes can be seen in Figs. 5 and 6, with fitted peak values shown in Fig. 7 . The direction of q with respect to the CNT axial direction for each tube is indicated in the diffraction patterns in Fig. 1 . Spectra from all three tubes show a dispersive π + σ peak (i.e., its energy changes with momentum) that broadens with increasing q and a nondispersive IB peak that becomes indistinguishable from noise for q 0.6-0.7Å −1 . As the momentum-resolved spectra were acquired in parallel, and because the spectrometer camera has a finite dynamic range, the spectral intensity q −2 dependence [39] necessarily results in spectral noise increasing significantly with increasing q. This can clearly be seen in Figs. 5 and 6. While Figs. 5 and 6 show smoothed spectra as a guide to the eye, the loss mode identification (Figs. 5, 6 ) and peak fitting (Fig. 7) were carried out using the otherwise-unprocessed background-subtracted data, in order to avoid any potential artifact introduced by processing.
Qualitatively the π → π * peaks resolved in Fig. 5 appear to be nondispersive for the (15, 10) and (15, 1) tubes, in agreement with the literature [5, 49] . However, significant spectral noise made the unambiguous determination of their dispersion from the spectra in Fig. 5 problematic. For the (13,7) tube, a lack of observable π → π * peaks for the momentum-resolved spectra is attributed to a combination of spectral noise and obscuring by the ZLP tail having increased as compared to the spectra in Fig. 3 due to a relative decrease in effective energy resolution (see Sec. II).
The (15, 10) and (15,1) tubes demonstrate arguably the most intriguing feature of these momentum-resolved spectra with a clear splitting of the π plasmon peak into a nondispersive π 1 and a dispersive π 2 mode. While the π peak split is identifiable in Fig. 5 , this is perhaps easier to observe unambiguously in Fig. 6 , which shows spectra for selected momentum transfers over a limited energy loss range. The π 1 mode is present in all three tubes, but the degree to which the π 2 mode was detected varied greatly: π 2 was detected for all q for the (15,1) tube, only for q 0.72Å −1 for the (15,10) tube, and not at all for the (13,7) tube. Using a purpose-built stand-alone EEL spectrometer apparatus [50] , a π peak splitting has been identified in measurements averaged over "bulk samples" containing a large number of bundles of aligned SWCNTs [6] [7] [8] . Kramberger et al. [6, 7] and Liu et al. [8] reported interpretations of the SWCNT π plasmon EEL peak splitting in terms of polarization-dependent plasmon confinement. This suggests that the nondispersive π 1 mode corresponds to π plasmon confinement perpendicular to SWCNT axis while the prominent dispersion of the π 2 mode indicates significant plasmon propagation along the SWCNT axis. While the π 1 mode was not identified by Pichler et al. [5] and Knupfer et al. [49] , they too attributed the significant dispersion of the π 2 mode to polarization-dependent plasmon propagation along the CNT axes. This interpretation can be illustrated conceptually by considering a plasmon as the quasiparticle corresponding to envelopes over the collective valence electron oscillations set up by the impinging electron beam [32] . From the definition of the group velocity, the dispersion of the plasmon indicates the degree to which it is allowed to propagate in the system: a nondispersive plasmon indicates zero group velocity (i.e., a standing wave) and thus a localized mode, while a dispersive mode indicates a nonzero group velocity and thus significant plasmon propagation [27] . For detailed analysis of SWCNT π and π + σ plasmon dispersions, local field effects (LFEs) need to be considered. Kramberger et al. [6] showed by means of ab initio modeling and momentum-resolved EEL spectra that LFEs are of major importance for the π plasmon dispersion of SWCNTs (as well as for mono-and bilayer graphene). The contribution of LFEs was attributed to the observed and predicted SWCNT π plasmon dispersions deviating significantly from that of graphite and bundled SWCNTs.
In order to accurately interpret the observed differences in π 2 plasmon dispersion between the three tubes (Figs. 5-7) , the experimental setup and direction of momentum selectivity must first be taken into consideration. The reported [8] and inferred [5] [6] [7] 49 ] π plasmon polarization dependence means the π 1 mode will appear at the highest relative intensity for spectra formed by collecting electrons that have imparted momentum to the sample valence π electrons perpendicular to the nanotube axis. Conversely, the π 2 mode will appear at the highest relative intensity for spectra formed by collecting electrons that have imparted momentum to the sample valence π electrons parallel to the nanotube axis. The relative orientation of the momentum-selecting slit to the tubes' axial directions is indicated schematically in the diffraction patterns in Fig. 1 , which gives the direction of q for each measured tube (indicated in Fig. 1 ). This schematic demonstrates that if the π 2 mode response of all three tubes were identical, experimental geometry alone would dictate that the relative intensity of the π 2 mode would increase from the (15,1) tube to the (15,10) tube and be at its highest relative intensity for the (13,7) tube. However, the spectra in Figs. 5 and 6 show clearly that this is not the case. Hence the results shown in Figs. 5-7 cannot be explained in terms of experimental geometry alone.
The observed differences in π 2 plasmon dispersion might rather be understood in terms of variable topologically induced plasmon confinement along the nanotube axis. Specifically, it is postulated that the degree to which the π 2 mode is confined (along the tube axis) depends on the concentration of topological defects (i.e., nonhexagonal rings) in a SWCNT. From comparing the MAADF images in Fig. 1 and the dispersions in Fig. 7 , it can be deduced that the π 2 mode is significantly confined at all probed wavelengths (i.e., all values of q) in the tube containing the largest number of topological defects (13,7) ; confined only at longer wavelengths (q < ≈0.7Å −1 ) for the tube containing an intermediate number of defects (15, 10) ; and allowed to propagate in the range of all measured wavelengths for the least defective tube (15, 1) . This is consistent with a negligible effect of tube defects on π 2 plasmon propagation in the (15,1) tube. A topologically induced π 2 mode confinement can be viewed as similar to the confinement of the π 1 mode perpendicular to the tube axis (induced by the finite diameter of the nanotube itself). The above interpretation is in good agreement with the reported identification of topologically induced π plasmon confinement at the tip of a multilayered graphene cone [27] . One might argue that intrinsic structural periodicity along the CNT axis might also impose collective mode confinement in the system. The lattice parameters in the axial direction are ( the delocalized π states in the tube walls, which in turn disrupts π plasmon propagation along the tube axis. Note that for the (15, 1) tube, the apparent difference between the π 1 and π 2 peak energies in the "q → 0 spectrum" (Figs. 5-7) can be explained by experimental geometry, rather than being interpreted as a result of confinement. Due to a very modest momentum resolution (±0.25Å
−1 ), all momentumresolved spectra in the present work include significant contributions from a range of momentum transfers. Hence the (15, 1) tube "q → 0 spectrum" will include contributions from the dispersive π 2 mode for q up to ≈0.25Å −1 . This effectively blueshifts the π 2 plasmon peak by an amount dependent on momentum resolution (i.e., beam convergence and effective size of spectrometer collection aperture). As the π 1 mode is nondispersive, no comparable shift is expected for the π 1 peak. Thus experimental geometry in combination with differences between π 1 and π 2 mode dispersions can be used to rationalize the measured energy difference between the π 1 and π 2 peaks in the "q → 0 spectrum" of the (15, 1) tube (Figs. 5-7). In contrast, no significant differences were found between the tubes in terms of π + σ or IB peak dispersions (see Figs. 5-7). Kramberger et al. [6, 7] reported a π + σ peak split into a dispersive and nondispersive mode for "bulk" samples of aligned tubes. As for the π plasmon, they attributed the nondispersive nature of the π + σ mode to confinement perpendicular to the nanotube axis. While due to spectral noise, a π + σ peak split could not be unambiguously identified over the whole range of q values, the asymmetry of the π + σ peak of the (15, 10) and (15,1) spectra at high q in Fig. 5 appears very consistent with the result of Kramberger et al. [6, 7] . In light of the above discussion on the π 2 mode confinement, the π + σ peak might then be expected to be show nondispersive behavior for the (13,7) tube. Indeed, such an effect is observed for C 60 [51] as well as at the tip of a multilayer graphene cone [27] . However, no localization of the π + σ mode along the tube axis is apparent for the (13,7) SWCNT in Figs. 5 and 7. Thus it must be concluded that topologically induced confinement primarily affects the π plasmon in the SWCNTs investigated in the present work. CNT σ states are significantly more localized than π states, which might explain the apparent difference in π + σ and π plasmon response to the presence of nonhexagonal rings incorporated in the CNT wall, at least in part. In-depth analysis of the measured π and π + σ plasmon dispersions might shed further light on the relative contributions of topological defects and chirality-dependent band structure. Due to the significant contribution of LFEs in the investigated systems [6] , such a study would likely require comprehensive ab initio modeling. It might also be of significant interest to investigate in future work the degree to which topological defects affect the propagation of the free charge carrier plasmon along the tube axis.
From the above discussion it is clear that topological defects significantly affect the plasmonic performance of SWCNTs. By extension, topological defects might thus affect the plasmonic response of graphene in a similar manner. As both CNTs and graphene are currently of significant interest for the development of plasmonic and optoelectronic devices [46] , the presence of topological defects might therefore be important to take into consideration in future developments in this field. Furthermore, it is suggested that by accurate and deliberate introduction of topological defects, the propagation of the π plasmon could be tailored in such a fashion as to form plasmonic conduits or "wires" and even more complex functional geometries.
D. Spatially resolved valence loss spectra
Returning to a more conventional STEM-EELS approach, the spatially resolved valence loss spectra of (15, 10) , (15, 1) , and (13,7) tubes are shown in Fig. 8 as a function of impact  parameter (b) . The experimental procedure is indicated in the MAADF image of the (15, 1) tube in Fig. 1 ; the electron beam is moved progressively from the center of the tube (b = 0 nm) indicated by the white disks (Fig. 1.) , past the tube wall (b = 0.5-1 nm), and into vacuum (b > ∼1 nm) with increasing distance to the tube center (i.e., increasing b). Overall, loss peak intensities decrease with increasing impact parameter for all three tubes, in agreement with the literature [38, 52, 53] . In a classical particle description, the maximum impact parameter allowed (in the adiabatic limit) can be expressed as b max = v 0 /(E/h), where E is the energy loss and v 0 is the (relativistic) velocity of the impinging electron [32] . The possibility to excite a mode at a given E for an impact parameter up to b max is often referred to as inelastic delocalization. Effectively, a loss peak at a certain E will decrease more in intensity with increasing b than a lower energy peak [32] , as is the trend for all three tube spectra in Fig. 8 .
For the (13,7) tube, a ≈ 5.5 eV peak on the high-energy shoulder of the π plasmon peak appears to increase from the tube center (b = 0 nm) to the tube wall (b = 0.5-1.0 nm). For b >∼ 1 nm, qualitatively the ≈5.5 eV peak decreases in intensity along with the rest of the peaks in the spectrum in agreement with inelastic scattering theory, discussed above. To understand the relative increase in ≈5.5 eV peak intensity from b = 0 nm to b = 0.5-1.0 nm, both experimental geometry and π 2 mode dispersion need to be taken into consideration. For the (15, 1) and (15, 10) tubes the higher energy shoulder of their respective π peaks can be attributed to the π 2 mode. As discussed above, due to the use of finite beam convergence and spectrometer collection angles (see Sec. II), higher q components of the π 2 mode contribute to the recorded spectrum, resulting in an apparent blueshift of the π 2 mode, with respect to the "π peak." As the π 2 mode can be attributed to the tangential tube response [38] , the observed gradual decrease of the (15,1) and (15,10) "π 2 shoulder" intensities with increasing b is as expected from inelastic scattering theory.
However, as no dispersive π 2 mode was observed for the (13,7) tube (see Figs. 5-7) , the presence of the ≈5.5 eV peak must be understood in terms of experimental geometry. Due to a finite beam convergence and spectrometer collection aperture (see Sec. II) the EEL spectrum is dominated by electrons having undergone momentum transfer perpendicular to the incident beam direction. Thus when the electron beam is incident on the nanotube axis (b = 0 nm) the spectrum is dominated by the CNT tangential response. However, when the beam is moved to the wall of the nanotube (b = 0.5-1.0 nm), the relative radial contribution increases significantly. ≈5.5 eV peak increases significantly in intensity from b = 0 nm to b = 0.5-1.0 nm for the (13,7) tube, the peak is tentatively attributed to a chirality-dependent interband transition associated with the radial response of the (13,7) SWCNT. Being attributed to the radial rather than the tangential response clearly differentiates the (13,7) ≈ 5.5 eV peak from the "π 2 mode shoulders" of the (15,1) and (15,10) tubes in Fig. 8 . A more accurate mode assignment of the (13,7) ≈ 5.5 eV peak might result from theoretical modelling, possibly requiring the inclusion of depolarization and excitonic effects. This is however beyond the scope of the present work.
In light of the above discussion, a significant reduction in the high-energy shoulder of the π + σ peak with increasing b for all three tubes might also be understood in terms of experimental geometry and loss mode dispersion. For b = 0 nm the π + σ peak results from the spectrometer accepting electrons that have undergone a range of momentum transfers, beyond the first Brillouin zone. As the π + σ mode is dispersive (see Fig. 8 ), it follows that the corresponding loss peak is effectively broadened on the high-energy loss side by the higher q contributions of the π + σ response. With increasing b the relative magnitude of q of the tangential tube response contributing to the collected spectrum decreases. As the SWCNTs' π + σ mode is tangential [38] , the contribution of the high-q components of the π + σ mode to the recorded loss peak decreases with increasing b. Thus, the broadening of the π + σ peak is reduced with increasing b for SWCNTs.
This result clearly shows that a coherent interpretation of the spatially resolved spectra results in Fig. 8 not only requires knowledge of sample orientation and experimental parameters but also of the momentum-dependence of the SWCNT loss modes themselves. In extension, similar considerations might prove useful when using valence EELS to study other lowdimensional and anisotropic samples.
IV. CONCLUSION
STEM-EELS allows for a flexible and comprehensive characterization of the electronic structure of individual SWCNTs. Information that can be obtained includes chiral indices and structure, identification of topological defects and disordered carbonaceous material coverage (and their effect on EEL spectra), chirality-dependent interband transition energies and C-K ionization edge fine structure, and determination of plasmon and interband transition peak dispersions. The energy resolution provided by state-of-the-art STEM monochromators allows for spectral analysis of electronic structure comparable to that of many optical methods and dedicated EEL spectrometers. But crucially, STEM-EELS allows for the investigation of individual tubes and their defects, which is information that to a large degree is obscured in results from many optical spectroscopic methods and dedicated EEL spectrometers. In order to achieve the spatial resolution necessary to identify individual SWCNTs, the momentum resolution in the present work is significantly poorer than that offered by stand-alone dedicated spectrometers. However, due to the highly flexible optics of the electron microscope the intrinsic trade-off between spatial and momentum resolution can be optimized for a given experiment. Thus the momentum resolution could be made to approach that of dedicated spectrometers, if required.
The present results highlight the advantages of combining information from space-and momentum-resolved measurements when evaluating the effects of nanotube defects and chirality. Moreover, a careful comparison of spaceand momentum-resolved spectra from the same nano-object emphasizes how the relative sample orientation and choice of experimental parameters along with the dispersions of relevant loss modes might significantly affect valence EEL spectra of SWCNTs. The degree of π plasmon confinement parallel to the SWCNT axis was shown to be dependent on the local concentration of topological defects. While the exact mechanism for confinement remains unclear, this suggests that the plasmonic response of SWCNTs could be tailored by accurate control of the topological defect concentration. By extension, a similar degree of tailoring might be possible for graphene with the aim to create plasmonic conduits or "wires" and even more complex functional geometries. Thus accurate control of the plasmonic response through the use of topological defects might prove to be beneficial in the development of SWCNTs or graphene based novel plasmonic and optoelectronic devices.
